Elevated blood level of Fibrinogen (Fg) is commonly associated with vascular dysfunction. We tested the hypothesis that at pathologically high levels, Fg increases cerebrovascular permeability by activating matrix metalloproteinases (MMPs). Fibrinogen (4 mg/mL blood concentration) or equal volume of phosphate-buffered saline (PBS) was infused into male wild-type (WT; C57BL/6J) or MMP-9 gene knockout (MMP9À/À) mice. Pial venular leakage of fluorescein isothiocyanate-bovine serum albumin to Fg or PBS alone and to topically applied histamine (10 À5 mol/L) were assessed. Intravital fluorescence microscopy and image analysis were used to assess cerebrovascular protein leakage. Pial venular macromolecular leakage increased more after Fg infusion than after infusion of PBS in both (WT and MMP9À/À) mice but was more pronounced in WT compared with MMP9À/À mice. Expression of vascular endothelial cadherin (VE-cadherin) was less and plasmalemmal vesicle-associated protein-1 (PV-1) was greater in Fg-infused than in PBS-infused both mice groups. However, in MMP9À/À mice, VE-cadherin expression was greater and PV-1 expression was less than in WT mice. These data indicate that at higher levels, Fg compromises microvascular integrity through activation of MMP-9 and downregulation of VE-cadherin and upregulation of PV-1. Our results suggest that elevated blood level of Fg could have a significant role in cerebrovascular dysfunction and remodeling.
Introduction
Fibrinogen (Fg) is a high molecular weight plasma adhesion glycoprotein that is primarily synthesized in hepatocytes. Inflammatory cytokines interleukin-1 and interleukin-6 are involved in Fg synthesis. During inflammation, overexpression of interleukin-1 and interleukin-6 leads to an increased blood content of Fg (Nakamura et al, 1996) . Elevated blood level of Fg is a biomarker of inflammation and high risk factor for many cardiovascular (Danesh et al, 2005) and cerebrovascular disorders (del Zoppo et al, 2009 ) such as hypertension (Lominadze et al, 1998) and stroke (Eidelman and Hennekens, 2003) . While normal blood concentration of Fg is about 2 mg/mL (Lominadze et al, 2010) , during hypertension it reaches 4 mg/mL (Lominadze et al, 1998) and 3.6 mg/mL after ischemic stroke in humans (Eidelman and Hennekens, 2003) .
Vasoactive effects of isolated peptides derived from plasmin digestion of fibrin and Fg were studied in various vascular beds; however, results are controversial. Infusion of fragment D into conscious rabbits increased vascular permeability to albumin (Manwaring and Curreri, 1981) , while in another study, infusion of fragment D in sheep did not alter pulmonary transvascular fluid and protein exchange (Johnson et al, 1985) .
The vasoactive property of undegraded Fg was first shown by Hicks et al (1996) . We showed that high content of undegraded Fg can cause an arteriolar constriction (Lominadze et al, 2005) and disruption of endothelial cell (EC) layer integrity Tyagi et al, 2008) .
It is well documented that digestion of Fg by plasmin in vivo is quite rare (Gaffney, 2001) . During many inflammatory diseases (e.g., hypertension), increased content of Fg and plasminogen-activator inhibitor type 1 leads to a decreased fibrinolysis and accumulation of Fg (Landin et al, 1990) . Thus, higher content of undegraded Fg may contribute to the development of inflammatory responses.
One of the indications of inflammation is a microvascular leakage of plasma substances and proteins and their deposition in SEM (subendothelial matrix) and interstitium (Mehta and Malik, 2006) . These alterations exacerbate complications of blood circulation during vascular diseases and cause edema (Lominadze et al, 2010; Mehta and Malik, 2006) . Blood plasma components may pass through the endothelial barrier via two paracellular and transcellular transport mechanisms (Mehta and Malik, 2006; Simionescu et al, 2009 ). Movement of substances via the paracellular pathway occurs between the ECs and involves alterations in tight, gap, and adherence junction proteins (Mehta and Malik, 2006) . Vascular endothelial cadherin (VE-cadherin), which is a strictly endothelial-specific adhesion molecule, is located at the basal side of the ECs (Mehta and Malik, 2006; Vestweber, 2008) . Its presence at cell contacts is an essential step that indicates the extent of permeability of blood vessels through the paracellular pathway (Vestweber, 2008) . The transcellular transport is implemented by movement of substances across an EC layer by caveolae, caveolae generated transendothelial channels, and fenestrae (Simionescu et al, 2009) . Plasmalemmal vesicle-associated protein-1 (PV-1) is an integral membrane-associated protein of caveolae found in fenestral and stomatal diaphragms in fenestrated endothelial and transendothelial channels (Hnasko et al, 2002) . It is considered a functional biomarker for altered vascular permeability following central nervous system trauma (Mozer et al, 2010) and disruption of blood-brain barrier (BBB) (Shue et al, 2008) . Thus, the combination and the functional balance of these two pathways govern the net transport of substances in microcirculation.
Matrix metalloproteinases (MMPs) are zinc-dependent endoproteinases expressed in various cell types including ECs. They are involved in both physiological and pathological processes, especially in SEM degradation and vascular remodeling that disrupt the BBB (Rosell et al, 2006) . Activation of MMP-9, the most abundant MMP, has an important role in decreasing of brain vascular endothelial layer integrity through degradation of EC junction proteins and causing macromolecular leakage (Rosell et al, 2006) .
Since pial arterioles are resistance vessels that control global blood supply to the brain (Cohen et al, 1996) , it is important to investigate the role of increased blood content of Fg in pial circulation. Increased venular leakage leads to edema formation in the microcirculatory bed affecting the arteriolar function. Therefore, in the present study, we tested the hypothesis that increased content of Fg can cause a macromolecular leakage in mouse pial venules.
Our findings show that an elevated blood level of undegraded Fg has a considerable role in the development of cerebrovascular macromolecular leakage, and the process can be mitigated by inhibition of MMP-9 activity, suggesting that changes in the blood level of Fg may have a significant role in microvascular remodeling during inflammatory cerebrovascular diseases.
Materials and methods

Animals
In accordance with the National Institute of Health Guidelines for animal research, all animal procedures for these experiments were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Louisville.
Male wild-type (WT) C57BL/6J and MMP-9 gene knockout (MMP9À/À) homozygous (FVB.Cg-Mmp9 tm1Tvu /J; stock number: 004104) and its control FVB (FVB/NJ; stock number: 001800) mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). For genotyping of MMP9À/À mice, DNA was extracted from the tail tip of mice and was amplified by polymerase chain reaction using specific primer sequences according to the protocol provided by the Jackson Laboratory. The primer sequences for MMP9À/À were forward: 5 0 -CTGAATGAACTGCAGGA CGA-3 0 ; reverse: 5 0 -ATACTTTCTCGGCAGGAGCA-3 0 . The primer sequences for WT were forward: 5 0 -GTGGGACCATC ATAACATCACA-3 0 ; reverse: 5 0 -CTCGCGGCAAGTCTTCAG AGTA-3 0 .
Twelve-week old mice (26 to 30 g) were anesthetized with sodium pentobarbital (70 mg/kg, intraperitoneally). Supplemental anesthesia was given as required during the experiment. In all, 2% Xylocaine (AstraZeneca LP, Wilmington, DE, USA) was used for local analgesia. The left carotid artery was cannulated with polyethylene tubing PE-10 for blood pressure monitoring and necessary infusions. The trachea was cannulated to maintain a patent airway. Body temperature was kept at 371C ± 11C with a heating pad. Mean arterial blood pressure and heart rate were continuously monitored through a carotid artery cannula connected to a transducer and a blood pressure analyzer (CyQ 103/302, Cybersense, Lexington, KY, USA) and by a tail cuff and a CODA monitor, a noninvasive blood pressure measurement system (Kent Scientific Apparatus, Torrington, CT, USA). The mean arterial blood pressure monitoring with the tail cuff was necessary to detect possible blood pressure changes during infusion of phosphate-buffered saline (PBS), Fg, or Dextran-410.
Reagents and Antibodies
Human Fg (FIB-3, depleted of plasminogen, von-Willebrand factor, and fibronectin) was purchased from Enzyme Research Laboratories (South Bend, IN, USA). Purified antibody against mouse intracellular adhesion molecule-1 (ICAM-1; CD54-clone: YN1/1.7.4; Isotype: Rat IgG2b,k) was obtained from BioLegend (San Diego, CA, USA). Anti-mouse VE-cadherin (goat polyclonal IgG, Cdh5 (mouse), clone: C-19) and 4,6-diamidino-2-phenyl-indole HCl (DAPI) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rat anti-mouse PV-1 monoclonal antibody (clone: MECA-32; Isotype: IgG2a) was from AbD Serotec (Raleigh, NC, USA). DQ-gelatin, 1,10-phenanthroline, monohydrate, and secondary antibodies conjugated with Alexa-fluor 488 (chicken anti-rat IgG), or with Alexa-fluor 594 (chicken anti-rat IgG and rabbit anti-goat IgG) were purchased from Invitrogen (Carlsbad, CA, USA). Bovine serum albumin (BSA) and Dextran-410 were from Sigma-Aldrich Chemicals Co. (St Louis, MO, USA). Normal Donkey Serum was obtained from Jackson Immuno Research (West Grove, PA, USA). Tetramethylrhodamine b-isothiocyanate (TRITC)-or fluorescein isothiocyanate (FITC)-conjugated Lycopersicon esculentum agglutinin (LEA) tomato lectin was from Vector Laboratories (Burlingame, CA, USA). Artificial cerebrospinal fluid (composition: Na 150 mmol/L Na; 3.0 mmol/L K; 1.4 mmol/L Ca; 0.8 mmol/L Mg; 1.0 mmol/L P; 155 mmol/L Cl) was purchased from Harvard Apparatus (Holliston, MA, USA).
Cranial Window Preparation
The brain pial microcirculation was prepared for observations as previously described (Lominadze et al, 2006) , Briefly, a mouse was placed on a stereotaxic apparatus (World Precision Instruments, Sarasota, FL, USA). The scalp and connective tissues were removed over the parietal cranial bone above the left hemisphere. A craniotomy was done with a small (1.8 mm in diameter) trephine attached to a high-speed microdrill (Fine Science Tools, Foster City, CA, USA). During drilling, the cranium was continuously irrigated with room temperature PBS. The dura matter was lifted with the bone disk using a microrongeur with extra-fine tips (Fine Science Tools) to form a cranial window. The surface of the exposed pial circulation was continuously superfused with cerebrospinal fluid. Constant temperature (371C) of cerebrospinal fluid was maintained by dual automatic temperature controller (Warner Instrument Corporation, Hamden, CT, USA). It has been found that responses of pial vessels observed from an opened cranial window are representative of the responses of the pial microcirculation (Rosenblum and El-Sabban, 1982) .
Microvascular Leakage Observation
Fibrinogen-induced pial vascular leakage was observed according to the method described previously (Lominadze et al, 2006) . Mice were positioned on the stage of an Olympus BXG61WI microscope (Olympus, Tokyo, Japan) so that the exposed pial circulation could be observed by epi-illumination. Following the surgical preparation and preceding each experiment, there was a 1-hour equilibration period. Before each experiment, autofluorescence of the observed area was recorded over a standard range of camera gains. Fluorescein isothiocyanate (300 mg/mL) bound to BSA (FITC-BSA) was infused through the carotid artery cannulation. Before infusion, to remove possibly formed free FITC, FITC-BSA solution was dialyzed against PBS solution using a dialyzing cassette with cutoff size of 15 kDa (Thermo Scientific, Rockford, IL, USA). Fluorescein isothiocyanate-BSA was infused (0.2 mL/100 g of body wt.) for over 10 minutes time period by a syringe pump (Harvard Apparatus) and allowed to circulate for about 10 minutes (Lominadze et al, 2006) . The pial circulation was surveyed to ensure that there was no spontaneous leakage in the observed area that would indicate decreased vascular integrity. Venules were identified by observing the topology of the pial circulation and blood flow direction (vascular diameters increasing in the direction of blood flow). Images of the selected third-order venular segments were recorded and used as baseline.
Fibrinogen (20 mg per 100 g of body weight) was infused (20 mL/min, over 10 minutes time period) through the carotid artery cannulation into the experimental mice. This dose of Fg resulted in a total blood content of Fg of about 4 mg/mL. Mice in the control group were infused with the same volume of PBS as they would have been infused with Fg. Ten minutes after completion of infusion, images of the selected venular segments were recorded. Then, histamine doses (10 À6 , 10 À5 , and 10 À4 mol/L in 50 mL of cerebrospinal fluid) were applied topically with 10-minute intervals between doses. In preliminary experiments, we found that 10 À6 mol/L histamine did not have an effect and that 10 À4 mol/L histamine induced extensive macromolecular leakage of pial venules. Therefore, we chose to focus on 10 À5 mol/L histamine for the remainder of the studies.
An epi-illumination system, consisting of a mercury arc lamp and a ploem system with appropriate filters, was used to observe intravascular FITC. The area of interest (AOI) was exposed to blue light (488 nm) for 10 to 15 seconds with a power density of 3.5 mW/cm 2 . The microscope images were acquired by an electron-multiplying charge-coupled device camera (Quantem 512SC; Photometrics, Tucson, AZ, USA) and image acquisition system (Slidebook 5.0, Intelligent Imaging Innovations, Inc., Philadelphia, PA, USA). The camera output was standardized with a 50-ng/mL fluorescein diacetate standard (Estman Kodak, Rochester, NY, USA) for each experiment. The lamp power and camera gain settings were held constant during the experiments, and the camera response was verified to be linear over the range used for these acquisitions. The magnification of the system with Olympus Â 10/0.40 (UPlanSApo) objective was determined with a stage micrometer and vessel diameters were measured with the Slidebook 5.0.
Images of the pial venular circulation were analyzed by image analysis software (Image-Pro Plus 6.3, Media Cybernetics, Bethesda, MD, USA). In each image, a rectangular AOI of about 1,300 mm 2 was positioned in the interstitium adjacent to a venular wall to assess macromolecular leakage to the interstitium. The AOI was positioned in the interstitial region with no spontaneous leakage (defined by comparison to the background) or a visible microvessel. Another AOI (700 mm 2 ) was positioned in the middle of a target venule. Fluorescence intensity values measured after infusion of Fg or PBS are presented as percent of baseline values recorded 10 minutes before Fg or PBS infusion, respectively. Histamine-induced changes in fluorescence intensity in the AOI were measured 10 minutes after its topical application and are presented as percent of baseline recorded before histamine application.
At the end of the experiments, blood was collected to obtain plasma samples (Lominadze et al, 1998) and an extent of Fg degradation was assessed. The purity of plasma Fg was compared with infused Fg by Coomassiestained sodium dodecyl sulfate polyacrylamide gel electrophoresis gel (8%) analysis under reducing conditions.
To validate that infusion of FITC-BSA alone does not cause microvascular leakage, pial venules were observed for 60 minutes, with no additional infusion of PBS or Fg. In another series of experiments, Dextran-410 was infused at the same concentration as Fg to define a possible role of Fg-induced blood viscosity changes on vascular permeability. Pial venular leakage of FITC-BSA was observed as described above. Similarity in the viscosity of 4 mg/mL Fg and 4 mg/mL of Dextran-410 was validated with a 'cone and plate' type viscometer (LVDV-II, Brookfield Engineering Laboratories, Inc., Stoughton, MA, USA).
Immunohistochemistry
At the completion of experiments, mice were infused with FITC-or TRITC-conjugated LEA via the carotid cannulation to fluorescently label moieties on the intravascular surface (Mozer et al, 2010) . Animals were killed with an anesthetic overdose, infused immediately with PBS through the left ventricle for exsanguination. The cranium was opened and the brain was gently dissected and removed for fresh tissue processing. Mouse brain tissue immunohistochemistry was done according to the method described earlier (Mozer et al, 2010) . The brain was mounted in protective matrix (Polyscience, Inc., Warrington, PA, USA) and cryosectioned using a Leica CM 1850 Cryocut (Bannockburn, IL, USA). Thirty 30-mm thick slices were thaw mounted on charged microscope slides (VWR, West Chester, PA, USA) and stored at À801C. Before immunostaining, slides were kept at À201C overnight, and then warmed at 371C for 20 minutes and mounting matrix was removed. The sections were postfixed in icecold 100% methanol for 10 minutes, washed three times in TBS (Tris-buffered saline) and blocked for nonspecific epitope binding in 0.1% TritonX-100 TBS (TBS-T), 0.5% BSA, and 10% Normal Donkey Serum for 1 hour at room temperature.
Immunohistochemistry and laser-scanning confocal microscopy were used to detect Fg-induced changes in ICAM-1, VE-cadherin, and PV-1 expression in the brain vasculature. Fibrinogen-induced expression of ICAM-1, an endothelial receptor for Fg (Plow et al, 2000) was tested in the brain samples not infused with LEA. Expressions of VE-cadherin, PV-1, which is considered to be associated with caveolae and transendothelial channels in fenestrated endothelium (Hnasko et al, 2002) , and Dextran-induced ICAM-1 were detected in samples obtained from LEAinfused mice. Primary antibodies (anti-ICAM-1, dilution 1:500; anti-VE-cadherin, dilution 1:250; or anti-PV-1, dilution 1:500) were applied to the brain slices overnight in a humidified chamber placed on a rotator at 41C. After washing, the corresponding fluorescent dye-conjugated secondary antibodies (dilution 1:500) were applied for 1 hour at room temperature. Cell nuclei were labeled with DAPI (1:1,000). The laser-scanning confocal microscope (Olympus FluoView1000, objective Â 100) was used for image capture. VE-cadherin, ICAM-1, and TRITC-LEA were visualized using a HeNe-G laser (556 nm) to excite the dye, while emission was observed above 573 nm. Fluorescein isothiocyanate-LEA and PV-1 were visualized using a Multi Argon laser (495 nm) to excite the dye, while emission was observed above 519 nm. Cell nuclei (DAPI) were visualized using a 405-laser diode laser (372 nm) to excite the dye, while emission was observed above 456 nm. Since in each of these experiments we compared the fluorescence intensities between the groups, fluorescence intensity (for each color) was adjusted to its saturation point in an experimental group with the maximum fluorescence intensity for the color of interest and the laser and multipliers' settings were kept unaltered during measurements in each experimental series.
Off-line image analysis software (Image-Pro Plus) was used to assess ICAM-1, VE-cadherin, and PV-1 expression. To assess expression of ICAM-1, fluorescence intensity was measured in the AOI (of the same size in all experimental groups) placed in the inner surface of a vessel. For detection of VE-cadherin or PV-1, corresponding AOIs (of the same size in all respective experimental groups) were placed along the vessel wall. For each experimental group, three to four brain slices were analyzed. In each brain slice, three to five vascular images were analyzed for ICAM-1, VE-cadherin, or PV-1 expression and normalized per length of the respective vascular segment. Fluorescence intensity in four randomly placed AOIs were measured. The results were averaged for each experimental group and presented as fluorescence intensity units (FIU).
In Tissue Zymography
Gelatinolytic activity of MMPs was demonstrated by in tissue zymography according to a modified protocol described elsewhere (Mook et al, 2003) . DQ-gelatin was used as a substrate while 1,10-phenanthroline,monohydrate, a general metalloproteinase inhibitor, was used as a negative control. Unfixed mouse brain cryostat sections (15-mm thick) were warmed for 20 minutes. DQ-gelatin was dissolved in water to 1 mg/mL concentration according to the manufacturer's recommendation, placed on the sections, and incubated for 2 hours on a rotator at room temperature. Samples were incubated with DAPI for 10 minutes. After washing with PBS, the slides were covered with glass coverslips. Laser-scanning confocal microscope (objective Â 100) was used to capture the images. Fluorescence was detected with the excitation at 484 nm and emission at 512 nm. Off-line image analysis was used to assess MMP activity. The fluorescence intensity (a measure of MMP activity) was measured in same size AOI in all the experimental groups. For each experimental group, three to four brain slices were analyzed. In each brain slice, four to five vascular images were analyzed for MMP activity assessment. Fluorescence intensity in four randomly placed AOIs was measured and normalized per vascular segment length. The results are averaged for each experimental group and presented as FIU.
Data Analysis
All data are expressed as mean ± s.e.m. The experimental groups were compared by one-way analysis of variance. If analysis of variance indicated a significant difference (P < 0.05), Tukey's multiple comparison test was used to compare group means. Differences were considered significant if P < 0.05.
Results
Macromolecular Leakage from Pial Venules
Genotyping of MMP9À/À mice using appropriate primers and polymerase chain reaction confirmed that MMP9À/À mice lack MMP-9 gene in comparison to WT and FVB mice (Figure 1 ). Body weight of animals used in the study was similar (Table 1) . Mean arterial blood pressure and heart rate did not change after infusion of PBS or Fg in WT, FVB, and MMP9À/À mice ( Table 1) .
Diameters of observed pial venules did not change after infusion of PBS (48 ± 8 mm) or Fg (42 ± 5 mm) compared with their baseline values (43±5 and 47 ± 4 mm, respectively; n = 8 in both groups) in WT mice. Similarly, pial venular diameters did not change after infusion of PBS (46±6 mm) or Fg (42±6 mm) compared with their baseline values (44 ± 6 and 48 ± 3 mm, respectively; n = 8 in both groups) in FVB mice. In MMP9À/À mice, changes in venular diameters in response to PBS (46±7 mm) or Fg (44 ± 4 mm) infusion were even less compared with their baseline values (42 ± 4 and 47 ± 5 mm, respectively; n = 8 in both groups). Application of histamine (10 À5 mol/L) did not change venular diameters in WT (54 ± 7 mm after PBS and 44 ± 5 mm after Fg infusion; n = 8 in both groups), FVB (53 ± 6 mm after PBS and 43 ± 6 mm after Fg infusion; n = 8 in both groups), or in MMP9À/À (48 ± 4 mm after PBS and 45±5 mm after Fg infusion; n = 8 in both groups) mice.
In WT mice, Fg induced greater pial venular leakage compared with the group infused with PBS ( Figure 2) . Similarly, in MMP9À/À mice, venular leakage after Fg infusion was greater than that after PBS infusion, but less than that in respective groups of WT mice (Figure 2 ). After topical application of histamine (10 À5 mol/L), venular leakage was increased in WT and MMP9À/À groups (Figure 2 ). However, it was greater in both mice groups infused with Fg compared with those infused with PBS and was less in MMP9À/À mice than in the respective Table 1 Comparison of body weight (bd. wt.), mean arterial blood pressure (MABP), and heart rate (HR) in wild-type (WT), FVB, and MMP-9 gene knockout (MM9À/À) mice infused with phosphate-buffered saline (PBS) or fibrinogen (Fg) , and topical application of histamine (10 À5 mol/L) (third row), in wild-type (WT; first two columns), FVB (second pair of columns), and matrix metalloproteinase-9 (MMP-9) gene knockout (MMP9À/À; third pair of columns) mice. Microvascular leakage was assessed by fluorescence intensity of fluorescein isothiocyanate-bovine serum albumin (FITC-BSA) in the rectangular area of interest (AOI) shown on images. (B) Summary of changes in fluorescence intensity after infusion of Fg or PBS measured in the AOI. P < 0.05 for all. *versus WT-PBS, #-versus WT-Fg, w-versus FVB-PBS, z-versus FVB-Fg, y-versus (MMP9À/À)-PBS E-versus (MMP9À/À)-Fg, #-versus WT + PBS/Hist, z-versus WTFg/Hist; @-versus FVB-PBS/Hist, s-versus FVB-Fg/Hist, r-versus MMP-PBS/ Hist. n = 8 for all groups. Inset: Purity of Fg with no visible extra bands lighter than B49 kDa (that would indicate degradation products) was confirmed by the Coomassie-stained sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis. groups of WT mice (Figure 2) . In FVB mice, pial venular leakage induced by PBS infusion was not different from that in WT mice (Figure 2) . Similarly, macromolecular leakage of pial venules of FVB mice induced by Fg infusion was not different from that induced in WT mice (Figure 2) . No difference in Fg degradation was found in mice infused with Fg compared with that in mice infused with PBS (Figure 2, inset) . These data indicate that changes in pial venular permeability occur due to alteration in blood concentration of undegraded Fg.
Infusion of Dextran-410 did not have an effect on FITC-BSA leakage from pial venules: fluorescence intensity in interstitium adjacent to a venule (119%±3% of baseline) was not different from that after infusion of PBS (Figure 2 ; 127% ± 5% of baseline). In animals infused with only FITC-BSA, its leakage from pial venules to interstitium during 1 hour was about 107%±1% of baseline.
ICAM-1 Expression
Endothelial expression of ICAM-1 in the brain vessels was greater after Fg (50 ± 3 FIU) than after PBS (22±2 FIU) infusion in WT mice (shown with arrows in Figure 3 ). In MMP9À/À mice, Fg induced greater expression (39 ± 5 FIU) of endothelial ICAM-1 than infusion of PBS (24±2 FIU) (Figure 3 ). However, expression of ICAM-1 in MMP9À/À mice was less than in WT mice after infusion of Fg, while there was no difference in ICAM-1 expression between the WT and MMP9À/À mice infused with PBS ( Figure 3) . In another series of experiments, there was no difference in expression of ICAM between Dextran-(86.16 ± 11 FIU) and Fg-infused (73 ± 8 FIU) WT mice.
VE-Cadherin Expression
Expression of VE-cadherin in the brain cortical vessels was less after Fg (22±4 FIU) than after PBS (43 ± 7 FIU) infusion in WT mice (Figure 4) . In MMP9À/À mice, Fg induced lower expression (28±2 FIU) of VE-cadherin than PBS (78±5 FIU), although it was still greater than in WT mice ( Figure   4 ). Expression of VE-cadherin in MMP9À/À mice was greater than in WT mice after PBS (Figure 4) .
Matrix Metalloproteinase Activity by in Tissue Zymography
Fibrinogen-induced activation of MMP-9 was shown by in tissue zymography, which detects all MMPs but mainly activation of MMP-9 and MMP-2 (Mook et al, 2003) . High blood content of Fg increased the activity of MMPs in both WT and MMP9À/À mice ( Figure 5 ). However, the activity of MMPs was greater after Fg infusion in WT ( Figure 5 ; 71±3 FIU) than in MMP9À/À ( Figure 5 ; 46±2 FIU) mice. Difference between activities of MMPs in Fg-infused WT and MMP9À/À mice (25 ± 1 FIU) is solely determined by activation of MMP-9. There was no difference in the activities of MMPs between PBS-infused WT and MMP9À/À mice ( Figure 5 ). No activity of MMPs was found in groups treated with 1,10-phenanthroline ( Figure 5, inset) .
PV-1 Expression
The presence of LEA clearly indicated well-perfused brain vasculature. PV-1 expression in the brain cortical vessels was found in response to infusion of Fg and PBS ( Figure 6 ). However, PV-1 expression was greater after Fg than after PBS infusion in both WT and MMP9À/À mice ( Figure 6 ). In MMP9À/À mice, expression of PV-1 induced by Fg was less than that in WT mice ( Figure 6) . Similarly, expression of PV-1 after infusion of PBS was less in MMP9À/À than in WT mice ( Figure 6 ).
Discussion
Changes in EC layer integrity, the first level of BBB, defines the permeability of cerebral vasculature (Abbott, 2000) . In the present study, an effect of increased blood content of Fg on mice cerebrovascular permeability was tested in vivo. An elevation of blood Fg concentration resulted in a significant pial venular leakage in WT mice, suggesting that at high blood levels, Fg induces disruption of EC layer integrity leading to an enhanced macromolecular leakage. An insignificant effect on cerebrovascular leakage caused by infusion of the same volume of PBS indicates that a possible increase in hydrostatic pressure (although a very limited, particularly in venules) is less effective in causing the macromolecular leakage than that induced by Fg infusion. No FITC-BSA leakage was found in animals not treated with PBS, Fg, or Dextran, indicating that binding of Fg to its receptors on apical side of ECs causes changes in vascular wall integrity. In MMP9À/À mice, although it still induced greater pial venular leakage than PBS, an increased blood content of Fg did not have the same dramatic effect on the brain microvessels as it had in WT mice, suggesting that at high blood levels, Fg binding to EC activates MMP-9. We showed that an increase in Fg concentration increases EC layer permeability not only to albumin but to Fg itself (Tyagi et al, 2008) . Deposited in SEM and immobilized Fg is more prone to digestion, leading to an increased production of Fg digestion products and thus exacerbating vascular remodeling and permeability (Lominadze et al, 2006 (Lominadze et al, , 2010 . We did not find an increase in Fg degradation in plasma obtained from experimental animals (Figure 2, inset) , suggesting that an increase in pial venular permeability was induced mainly by undegraded Fg. Histamine released from nerve terminals, transiently 'opens' BBB (Abbott, 2000) . It has been shown that histamine increases vascular permeability via contraction of ECs (Majno et al, 1967) and increases formation of pinocytotic vesicles in ECs (Gross et al, 1982) . Thus, histamine affects both transcellular and paracellular pathways, and as such was an appropriate tool in the study. Our data show that histamine induced greater cerebrovascular permeability in the presence of high blood content of Fg, indicating that an increase in Fg level exacerbates cerebrovascular permeability induced by an additional insult, that is, histamine. However, the absence of MMP-9 activity still had a protective effect on histamineinduced cerebrovascular permeability mediated through both transcellular and paracellular transport pathways.
Increased blood concentration of Fg results in an increase of blood viscosity (Lominadze et al, 1998) and therefore an increase in blood flow shear stress (Chien et al, 1966) . This contributes to an activation of ECs expressing and/or activating various integrins and adhesion molecules including ICAM-1 (Springer, 1990) , a well-known Fg receptor (Plow et al, 2000) . In the present study, an increase in blood Fg concentration enhanced expression of ICAM-1 in mouse brain vasculature. In MMP9À/À mice, although Fg still caused more ICAM-1 expression than PBS, it caused lesser expression of ICAM-1 than in WT mice. Earlier, we showed that Fg dose dependently binds to ICAM-1 in isolated cremaster muscle arteriol (Lominadze et al, 2005) . Others have shown that Fg regulates activation of ICAM-1 expression in cultured human saphenous vein ECs (Harley et al, 2000) . We now present, for the first time, an effect of increased blood content of Fg on expression of ICAM-1 in cerebral microvessels of WT and MMP-9 mice. Infusion of Dextran also increased expression of ICAM-1 in mouse brain vessels, suggesting that increase in blood viscosity and thus in shear stress by an increase in blood content of Fg or Dextran may enhance expression of ICAM-1. However, Dextran did not cause an increase in pial venular permeability to albumin, suggesting that just an overexpression of ICAM-1 may not be enough to trigger the vascular wall disruption and cause an increase in vascular permeability. An enhanced binding of Fg to endothelial ICAM-1 and activation of this endothelial molecule may be necessary to increase vascular permeability to proteins. The presence of ICAM-1 on VSMCs (vascular smooth muscle cells) is also shown in Figure 3 . Since we have shown that at pathologically high levels, Fg penetrates EC layer (Tyagi et al, 2008) and may also bind to ICAM-1 on VSMCs (Lominadze et al, 2005) , role of Fg binding to ICAM-1 on VSMCs needs further investigation.
Binding of Fg to ICAM-1 activates ERK-1/2 signaling pathway in ECs (Sen et al, 2009) , which is known to trigger activation of MMPs through formation of reactive oxygen species (Touyz, 2006) . Therefore, an increased binding of Fg to endothelial ICAM-1 can cause MMP-9 activation, possibly through formation of reactive oxygen species. Traumatic brain injuryinduced inflammation has been associated with increased expression of ICAM-1 and MMP-9 (Knoblach and Faden, 2004) . The present data indicate that increased content of Fg leads to activation of MMPs and particularly MMP-9, suggesting a possibility that an activated MMP-9 may further exacerbate destruction of the EC layer.
Previously, we showed that increased content of Fg affects endothelial junction proteins and induces formation of F-actin (filamentous actin) (Tyagi et al, 2008) . Since actin is connected to the most junction proteins (including VE-cadherin), formation of Factin may be a mechanism for translocation of occludin, zona occludin-1, and zona occludin-2 seen previously ). These changes may increase gaps between ECs and enhance vascular permeability (Lominadze et al, 2010) . Increased macromolecular leakage of pial venules in the present study could directly be associated with Fginduced downregulation of endothelial tight junction proteins and the resultant EC gap formation found in earlier studies Tyagi et al, 2008) . In addition to tight junction proteins and tight junction-associated proteins, higher levels of Fg cause downregulation of the adherence junction protein VE-cadherin in mouse cerebral vessels. These results coincide with our previous data, indicating that increased content of Fg downregulates VE-cadherin expression in cultured mouse brain endothelial cells (Muradashvili et al, 2011) . Combined, these data indicate that increased content of Fg may enhance vascular permeability altering a paracellular transport pathway. The lesser effect of Fg on VE-cadherin expression in vessels of MMP9À/À mice suggests that Fg-induced activation of MMP-9 may have a role in expression of VE-cadherin. Functional effects of MMP-9 on expression of VEcadherin and Fg-induced changes in cell junctional interactions in mouse brain endothelial cells were recently demonstrated (Muradashvili et al, 2011) . In addition, it has been shown that activated MMP-9 degrades VE-cadherin (Navaratna et al, 2007) . Thus, Fg-induced activation of MMP-9 can cause degradation of VE-cadherin, leading to an increased cerebrovascular permeability.
In the absence of MMP-9 activity, an increased blood content of Fg caused greater pial venular leakage than infusion of PBS, indicating that in addition to paracellular transport, another transport mechanism may also be involved. The length of a typical trinodular structure of Fg is about 46 nm (Marchant et al, 2002) , while its Stokes radius is about 8.4 nm (Potschka, 1987) , which is significantly greater than that of albumin (3.6 nm; Michel and Curry, 1999) . Therefore, both Fg and albumin can easily be taken up by caveolae, which can be about 70 to 80 nm in diameter (Simionescu et al, 2009 ), migrated through, and be released at the basal side of the cell. All these points to a possibility that at increased blood content of Fg, macromolecules such as albumin and Fg itself can be taken up by caveolae.
Upregulation of PV-1 in the brain vasculature during BBB disruption in rodents has already been demonstrated (Shue et al, 2008) . Our finding that increased blood content of Fg causes greater formation of PV-1 in WT than in MMP9À/À mice indicates that at high level, Fg may enhance a transendothelial transport through activation of MMP-9. A possible role of MMP-9 activity in Fg-induced PV-1 formation suggests that activation of MMP-9 directly correlates with formation of PV-1, that is, caveolae and fenestrae. A possible involvement of transendothelial transport mechanism in Fg-mediated microvascular leakage is suggested by the finding that at high blood content of Fg cerebrovascular permeability was associated with increased expression of PV-1 in mouse brain vessels. The prevailing role of Fg-induced transendothelial versus paracellular mechanism has yet to be determined.
In conclusion, the present study shows that at an increased blood level, Fg causes macromolecular leakage of pial venules in mice, which may involve both transcellular and paracellular pathways. There is evidence that both these pathways can be governed by activation of MMP-9. Thus, the present study suggests a possible role of increased Fg content in alteration of BBB, leading to edema, which can be a complicating factor during inflammatory cerebrovascular pathologies, such as stroke and traumatic brain injury.
Limitations of the Study
Since we measured only the relative fluorescence intensity in the interstitial space adjacent to a pial venule and did not evaluate hydrostatic pressure in the venule, we could not assess the venular permeability to solutes as required by the Starling's concept. However, the presented data indicate an accumulation of FITC-BSA in interstitium, which can be considered an adequate measure for a venular permeability to proteins. In addition, we have measured vascular diameters and systemic blood pressures, which were not changed in response to Fg or PBS infusion in all groups of mice. We also measured fluorescence intensity in target venules and found it to be decreased after infusion of Fg. This can be explained by decreased arteriolar diameters in response to an increased blood content of Fg (Lominadze et al, 2005 (Lominadze et al, , 2010 and leakage of FITC-BSA from a vessel to interstitium. Combined with the fluorescence intensity increase in interstitium, these data suggest even a greater effect of Fg in disruption of BBB.
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